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Abstract

The NASA Langley Rescarch Center (LaR(C) is in the
conceptual design stage of the Personnel Launch Sysiem
(PLS). The passenger-carrying portion of the PLS system is
a 20,000 pound lifting body vehicle, known as the HL-20,

Previous programs have demonsirated the controllabilily
and "landability” of unpowered lifting body vehicles with
Jow lift-to-drag (L/D) ratios; however, one of the early
lifting body designs demonstrated an insiability in the
lateral -directional axes.

To evaluate the flight characteristics of the HL-20 design, a
real-lime simulation of the HL-20 lifting body vehicle has
been developed at LaRC. The simulation model is being
used to validate the HL-20 concept, identify opportunities
for improving the design of the vehicie, and (o develop
prefiminary designs for both automatic and manual control
systems,

This paper describes the development of the real-iime
sinulation, including development of manual and automaltic
flight control laws. Key results from use of this simulation
are described, including idemtification of improved landing
gesr geomelry, a requirement for acrodynamic
improvements, and increased confidence in the improved
HL-20 design.

Inroduction

The NASA Langley Research Center (LaRC) is in the
concepiual design stage of the Personnel Launch System
(PLS). The Personnel Launch System consists of a booster
and a lifting body, coupled with adapier hardware, to allow
for vertical launch 1o orbit, foliowed by an unpowercd
horizontal landing at the end of the mission. The
passenger-carrying portion of the PLS system is a 20,600
pound lifting body vehicle, known as the HL-20. The
HL-20 lifting body design features a crew compariment
large enough o house iwo crewmembers and cight
passengers {(figure 1),

The HL-20 ig intended o serve as an Assured Crew Return
Yehicle for Space Station Freedom, as a "space taxi" o
ferry astronauts lo and from the space station, and as a
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vehiclke to perform other low earth orbit missions that do not
require significant payload capability (satellite repair, free-
flyer platform maintenance, and orbital rescue are
examples). Other design features include a detachable one-
piece fieat shicld, easy access to vehicle subsystems via lift-
off panecls for maintenance, and rapid mission an-around
following 2 horizontal Ianding. The cross-range capability
is sufficient 1o allow a daylight landing ai one of five
designated landing sites on any orbil.

Previous programsi23 have demonstrated the
controllability and “landability” of lifting-body vehicles
with low hft-to-drag (1/13) ratios; however, an early lifting-
bodyddem(}nstrawd an instability in the lateral-directional
aXes.

Early identification of problems in the flight characterisiics
of the HL-20 should result in less expensive solutions than
if the problems are discovered later in the development
program.

In order to identify deficiencies in the HL-20 concept,
simulation studies of the [light characteristics were
developed, and several candidsie control laws were
designed. These simulation studies included a nonreal-time
simulation, used for launch, orbif, and re-eniry and
guidance to final approach 10 the landing facility, and a
real-time simulation used to study the low supersonic and
subsonic phases of the re-entry, including approach and
landing on a simulated runway.

An earlier paper described the nonreal-time simulation
study and results.S This paper will describe the real-time
shimulation setup, the HL-20 real-time simulation model,
and several candidate flight conirol system designs, as well
as preliminary resulls from these real-time studies.
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A HL-20 Lifting Body

Figure 1. - HL-20 Three View Drawing
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Real-time Simulation Setup

To find out if the HL-20 concept had any serious
deficiencies  in performance or handling qualities during
the approach and landing phase, a real-time simulution
effort was underizken. Using prefiminary wing unnel data,
a subsonic aerodynamic medel of the HL-20 was
developedS. This aerodynamic model was combined with
an atmosphere model, equations of motion, and preliminary
control laws to yield a six-degree-of fresdom appreach and
landing simulativa capabilily, This model was then
instatled on the Transport Systems Research Vehicle fixed-
base cockpit at LaRC, and used te conduct preliminary
fiying qualities and tanding studies”. Follow-on studies
have been performed using the Visual Motlon Simulator
cockpit, with an expanded serodynamic model valud 1o
Mach 4.

The host computer used i these studies was a Control Data
Corporation CYBER-173, running at 2 [rame vate of
33.3 He. Simulation periphers] equipment in both csses

included an Evans and Sutherland CT-6 computer image

33 AR}
I S e
s .
Sgr Dirvetor b e g
i PE R T
Asced o — i mor
ugws A fdicaig
& el
106G ! L ]
L wiel Aevedpralon
Inciipton
g:(_){; Lmaﬁ;;g:rdm
E - J
Figure 3. - Elecironic Attitude Display Indicator Schematic
OME HDG [Z581TRU COLRSE

00?..

(R aY @5 114

Figure 4. - Horizontal Situation Display Schematic

generator (TG, and g McPadden side-arm controller. The
heads-down display was provided by & Terabit Eagle
graphics generator, known as e calligraphic/rasier display
systom (CRDS).  For further realism, 2 sound sysiem
provided generic wind noisc and landing gewr wuchdown
sounds. A diagram of the setup used iIn these simulations is
shown in ligure 1. Representations of the cockpt electronic
attitude display mdicawer (EADD and the horizomal
stuation display (HSD) are shown in figures 3 and 4,

A heads-up display (HUD was provided, in later studies,
by the CRDS. The HUD mclpded fight direcior and
velocity vector information, as well as mirspeed, altitude,
flight path reference markers apd a preflare cue, noa
manner similar to one of the decluner modes of the Shuude
Orbiter HUDL A typical HUD representation is shown i
Hows 5
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Figure 5. - Héads-Up Display schematic

A set of Precision Approach Path Indicator (PAPT) lights
were displaced on the extended centerline of the runway to
serve 48 the aimpoint for the outer glideslope. Unlike the
Shuttle Landing Facility, however, no inner glideslope
(ball-bar) was depicted. A typical view as seen by the pilot
through the forward window while on approach 1o landing,
inchiding overlaid HUD symbology, is shown in figure 6.

Figure 6. - Pilot's view approaching preflare height

Several different [light control systems were designed 1o
provide ariificial stabilization and flight control of the
vehicle in the subsonic regime. These conirol systems
included & set of candidate manual control systems for use
in the subsonic regime, and sn swtomatic landing system.
These control systems were developed using both real- and
nonreal-time simulation facilities.

The initia! control law, used in early studies, inchuded a
simple rate fecdback system which provided increased
damping in &1} three axes, and inchuded an sileron-to-rudder
interconnection to improve the coordination of turns
(figure 7). It was later discovered thal this interconnection
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Figure 7. - Baseline Fiight Controls

caused difficutties in performing uncoordinated maneuvers
during crosswind landings and was removed with minimal
impact on sideslip response in turns.

As shown in figure 7, the pilot's pitch input (delta column,
or 8C) %asses through a shaping filter, then multiplied by a
gain (GDEDC). The sign is then reversed 1o match elevator
deflection sign convention {trailing edge down is positive).
For stability, the aircraft pitch rate () is fed back at this
point. A poriion of the speedbrake command (8sb) is added
to the result to remove pitch response from speedbrake de-
flection. The sum of these three signals is sent 1o the control
surface mixer as Seng.

The roll-axis combines the pilot's roll input (delta wheel, or
§W) with a roll rate feedback measurement (py) for
stability. This signal is then sent o the control surface
mixer as an “aileron” command (Jag4)-

The pilot's rudder al position (Bped) is summed with
yaw rate feedback for stability. The yaw rate signal (ry,) is
first sent through a washout filter (o allow for steady turns.
A portion of the alleron command is added 1o this signal
when gain GDRDA is non-zere; simulator studies showed
better crosswind landing capability when GDRDA was
zero. 'The result is sent to the control surface mixer as

B e

In the course of piloted simulator evaluations of the HL-20,
several modifications to the initial control system were
made to make the Tlared, unpowered landing easier io
accomplish. These improvements were made only o the
pitch axis; the latersl/directional control laws remained
unchanged. These “experimental” control laws are
described below.

Landing a low-L/D vehicle, such as the HL-20, is very
different from landing a conventional aireraft. The sink rate



on final ap%:)ach is over 150 fi/sec at a speed of about
360 knots, This must be reduced 1o less than 5 fifsec as the
aircraft approaches the ground, and maintained al a low
value until touchdown.

Ap unpowered abrcraft in nearly level flight will decelerate
at a rate given by

oo &
V=ib 0

Thus, & vehick with an L/D of 4.0 will deceleraie at about
§ fifsec?, or about 5 knots per sceond.  Dynarmic pressure is
proportional to velocily squared, and thus s rapidiy
decreasing. So, o maintain Lilt equal 1o weight, the angle
of attack must be increased contimiously. Furthermore, the
low-aspeci ratio of the HL-20 requires a greater increase in
angle of attack than a convemtional wing to effect a given
change in lifl. Also, the clevator trim angle will change
significantly, since the touchdown speed is approximately
10 knots lesy than the approach speed, due to deceleration
during the flare.

The result is that the landing mancuver in this vehicle
reguires a constantly increasing non-linear pitch rate.

The original baseline control system for this simulation
consisicd of a pitch rate feedback contrel law, This
essentially gencrated an clevator command proportional 1o
the difference between the pilot's stick input and the pitch
rate of the aircralt.  Although adequate for in-flight
maneuvering, this system was somewhat difficalt to land
because it required ever increasing back-stick npuis during
the landing flare.

An allemipt was made to improve the system by adding an
‘auto frim’ feature. In this aticmpt, the existing elevator po-
sition was fed back through a first order filter and added to
the existing elevator command. This resulted in a control
law that would piich al a rate proportional to siick
deflection and hold a constant pitch attitude when the stick
was released. This system was dubbed a 'Rate Command
Attitude Hold' or RCAH control law.

Most aircraft are controlied and landed by reference to the
pitch attitude. Pitch attitude is the parameter that can be
observed most casily by the pilot. However, in the HL-20
pitch attitude is never constant during the landing flare,
must be increased at a non-constant rate and more rapidly at
ipwer speeds. The RCAH system was unsatisfactory for
landings and tended 1o induce oscillations.

The major acrodynamic forces during landing (ift and
drag) arc gemcrated by the angle of attack. Although u
cannot be direcily observed by the pilot, angle of attack is
an excellent control parameter f{or some [light modes.
However, angle of attack must alse be increased
continuously al & non-constant rate in landing the HL-20

The parameler tat is sctually being controlled in a landing
i the flight path angle, or ‘gamma’, eguivalent to the
vertical direction of the velocity vector, The required
gamnia & any point in the landing iy casily estimated. It is
a constant value on the outer glide slope, and is roughly
proportional to the altitude during the flare, reducing o rero
at iouchdown. If an aircraft can be designed to hold a given
‘gamma command’ it can be landexd safely,

A pure ‘gamma command’ system is difficult o implement,
however, A direct measurement of gamima itself is not casy
to produce, and is sensitive to insttumentation errors and
failures, I is also difficult 1o generaie gamma commands
with a copdrol stick, as pilots generally expect a rate
response from their inputs. B was found in the simulator

that some pitots tended 1o get out of phase during rapid ma-
reuvers with the gamma command system, resulting in a
pitch oscillation.

A better approach than pure "gamma command' is to feed
back the rate of change of gamma, or 'gamma dot’. Sucha
sysiem is more natural to pilois, and maintaining gamma
dot equal to Zero is equivalent to holding gamma at a
constant value.

The most direct digital miethod for generating gamma dot
would be to numerically differentiale gamma itself. This
method is even more sensilive than 'gamma command’ to
numerical problems, instramentation errors, wind gusts, and
piled induced oscillations.

Some of these difficulties can be alleviated by passing
gamma trough a washout filter. Mathematically, this is
equivalent W calculating the derivative of gamma and then
feeding it through a first-order lag. This method, dubbed
the 'Gamma Washout' law, was the first experimental faw
evaluated in the HL-20 study. It resulied in the easiess and
best Tandings by most pilots (see Simulator Results).

However, the Gamma Washoul system still requires an
accurale moasurement of gamma itself, A second method
was developed which estimates gamma dot without
requiring any knowledge of gamma. In nearly level flight,
the rale of change of gamma can be estimated from the
following relationship:

= 573 8Mz=D)
! Vi 2

Ny and V, are standard parameters that can be derived
accurately from a number of possible sources. The
combination of gamma dot, derived from Ny, and pitch rate
feedback, compared to the pilol's stick inputs, resulted in
the 'NZQY' control law. This conirof law will pitch at a rate
proporiional to the pilot's stick defiections, and maintain
one-CGi when the stick is released. Hs performance is nearly
the same as the-Gamma Washout law. The only noticeable
difference is thal slight back pressure is reguired to
maintain a constant sink rate as the ground is approached.
This resulis in the NZQ law being less likely to produce
‘hallooning’ or pilet induced vscillations near touchdows,

It may be possible to improve the NZ(Q control law by
additional filters, shapers, and tun coordination terms, but
it appears 1o be acceptable in its simplest form.

Experimental Control Laws - Description

As shown in figure 8, the pilot's pitch silck input (8C) is
first passed through & shaping funciion. The shaping func-
ton can be varied from a straight linear function to a pure
quadratic {'square law'"} funciion, or anything between, de-
pending on the square law ratio’ (0 for a'lincer law, 1 for a
quadratic law). A value of 0.6 was determined experimen-
tally to have the most preferred characteristics,

The shaped column command s passed through a gain
(GDQBC) 1o produce a pitch rate command, With the
RCAH option there are no other sctive commands. In the
CGamma Washou! option, gamma is pessed through a
washout filter with 2 1.0 sec time constant 1o produce an
additional pitch rate commmand proportional o gamma dot.
Likewise, in the NZ( option, gamma dot is extimated from
Ny and V; inpuis (per couation above} and added wo the
pitch rate command signal. In cither case s fixed gain,
GDEGC, is used to conirol the amount of pitch rate
required to wiaintain gamma dot approximately zere with no
column inpuls.
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Figure §. - Experimental Pitch Control Laws

I Autoland mode is engaged, a pitch rate commanded by
the guidance program is added 1o the command signal. The
pilot may make additional inputs during Autoland mode,
without disengaging it.

The command signal is multiplicd by a variable gain
inversely proportional to dynamic pressure {Q-bar)
compensate for the variation in control effectiveness due to
dynamic pressurc. The gain (GQBARY) is designed o
produce a pitch raie step input response with a damping
ratio of 0.7 and natural frequency of 3.14 rad/sec at 200
knots (the typical wuchdown speed).

The elevator trim command {zuto trim’) is determined by a
lagged feedback of the present clevator deflection added to
a speedbrake compensator. The speedbrake compensator
consists of a gained washout of the speedbrake deflection,
that drives the elevator trim whenever the speedbrake is in
motion. The clevator feedback value is held constant at the
value existing when "weight-on-wheels' (WOW) is detected
at main gear touchdown.

The total elevator command is the sum of the command
input and the trim command. The clevator command s
routed 1o the elevon actators, which are simulated as first-
order actuators with a time constani of 0.1 sec, rafe limited
to 200 degrees/second, and a deflection limit of 40° up or
down.

Figure 9 depicts the Autoland conirol laws used in the
HL-20 simulation. These laws gencrate piich rate and

aileron deflection commands which are sammed with other
quantities in the inner loop pitch and roll stabilization
programs.

Autoland was typically engaged and flown for the entire
approach. The implementation allowed the pilot to make
corrective inputs that were added to the autoland signal; this
was not necessdry as a rule, since the autoland, having a
perfect "nav state” {i.¢. navigation sensor and filter errors
were nol modeled), worked well. Disengagements of
autoland and reversion to manual control were not
attemipted after an approach began.

The outpuis of these autoland guidance laws are also used
to drive a flight director on the EADI and on the HUD for
the pilol’s use, even when autoland was not engaged. The
flight director depicts the difference between the state of the
vehicle (flight path angle and bank angle) and the state
commanded by the Autoland algorithm,

Vertical Sieering

The pitch control law uses flight path angle as its primary
reference, Gamma command is a good parameter to use for
pitch guidance, since i is constant for most of the approach
and is nearly zero at touchdown. By comparison, angle of
attack or pilch commands must be varied as a function of
airepeed and control deflections. Gamma command is aiso
directly compatible with the Gamma Washout and NZQ
control laws used for manual control in this sitnalation, and
with ihe HUD velocity vector display which was used for
out-the-window cues,
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Figure 10. - Control Surface Mixing Laws

As shown in figure %, the faleral displacement from
cenierline, Ygwy. is multiplicd by & gain to produce an
centerline inlercept angle command. This gain hnearly
increases below 5000 t altitude to avoid snnocessary
abrupt communds at higher altitudes, and suill stay on the
centerline as the runway is approached. The track angie
command is the sum of the runway cenferiine heading,
WYrwy. and the intercept angle command.

A track error is obtained by subtracting the actual ground
track angle, ¥y, from the commanded ground track
angle. The resulting track error is resolved into £180° and
multiplied by a fixed gain lo determine & roil angle
command, which is Himited to 40°.

The guidance aileron command is then obtained by
multiplying the difference betwoen the actual and
commanded roll angles by a fixed gain. The aileren
commuand i3 lisited 10 15° and sent to the roll flight control
program, where it is summed with pilot inputs and roli
siabilization commands. As in the longitudmal case, the
pilot may make inputs which are added ic the Autoland
commands without disengaging Autoland.

1ol ixe

The HIL-20 conceptual design includes seven gcrodynamic
control surtaces, as shown in figare 1. These mclude an ail-
movabie vertical fin, two wing {laps, and four bedy {laps -
two focated on the upper surface on the body and two

jocated on the jower surface. These body flaps are only
capable of deflections outward, away from the body, This
conirol surface arrangemeni is similar to earlier lifling
bodies (ref. 2.34).

The control laws described above vield commands for an
"gileron”, “clevatwr”, "specdbrake”, and "rudder”. Since the
Hi.-20 has an unconventional control arrangement, these
commands are passed through a conirols mixer that
separates these four commands into seven separate control

surface commands.

The same control mixing arrangement was used for all
subsonic control system configurations and is shown in
figure 19, The wing flaps were used symmetrically for
pitch control, and, at higher angles of attack, the upper body
[laps were used for additional pitch control. The body [aps
were deployed simultancously for speedbrake and
asymmetrically for roll comrol.  The rudder was used for
yaw control.

The use of wing flaps for roll confrol was investigated, but
they showed a significant amount of adverse yawing
moment, While the vehicle would injdally roll in the com-
manded divection, this adverse yawing moment would
result in a yaw in the opposite direction. Since the HL-20
has a strong aerodynamic "dihedral” effect, the resulling
sideslip cansed the vehicle 1o eventually roll in the opposile
direction, against the commanded roll. Using ssymmetric
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Figurc 9. - Autoland Control Laws

Clidesiope guidance consists of three sogmenis--an ouler
glidesiope with a fixed flight path angle of -17.0°, a
1.25 g puliup, and an inner glideslope of —1.0° As shown
in figure 9, the altitude of the alreraft is compared to the
nominal glideslope altitvde at the present downrange
distance 1o produce an sllitude error signal. The altiude
error i multiplicd by a fixed gain, and added to the nominal
glidesiope gamma to produce a prelimipary gamma
comand. .

The gamma command iz then limited to avoid valucs that
arc gither (oo slesp {resulting In excessive airspeed and sink
rate} or too shallow (rosuling in 2 stall). The upper gamma
cornmand Hmil corresponds to ying at the maximum L/D
condition until flare altinrde is reached. Between {lare and
touchdown the upper Hmit is level fight, or 2ero gamina,

The gamma command lower Timit is further limited by a
'flopr' valhue proportional o altitude. [T the alroraft is
sinking at a rate that would impact ihe ground in & few
secomds, the gamma command i3 reduced o indtiale 2
pullup. At zere wheel shiftede the foor valee is squal to the
desired gamma ot tonchdown, thus providing the final flare
command.

Gamma raie is estimated from the vertical scceleration (N
and earth relative velocity, To smooth performance,
gamma is projected 8.5 sec ahead, by adding the present
gamma plus 0.5 times gamma rate. The final pitch
command sent to the inner loop is the difference berween
the gamma comimand and the projected gamma. A fixed
gain in the flight control inner loop results in a pitch rate
commund, sammed with other control inputs. The pilot
may makce inppts which are added io the Autoland
command without disengaging Autoland,

After weight-on-wheels the Auloland law commands a2
slapdown’ at 5 degreesfsecond, dnd after weight-on-
nosegear (WONG) the Auioland commands are zeroed.

Lateral Steering

The lateral steering algorithm caletlates sileron deflection
commuands 1o achieve z roll angle thar maintains 3 ground
track angle glong the extended runway centerline (or
Tacalizer's.
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they had been made later in the program. In addition, use
of a real-time simulator has demonstrated the satisfactory
flying and landing characterisiics of this type of lifing-
body vehicle.
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